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Inspired by experimental observations of Pt(111) surfaces reconstruction at the Pt/graphene (Gr) 
interfaces with ordered vacancy networks in the outermost Pt layer, the mechanism of the surface 
reconstruction is investigated by van-der-Waals-corrected density functional theory in combination 
with particle-swarm optimization algorithm and ab initio atomistic thermodynamics. Our global 
structural search finds a more stable reconstructed (Rec) structure than that was reported before. 
With correction for vacancy formation energy, we demonstrate that the experimental observed 
surface reconstruction occurred at the earlier stages of graphene formation: 1) reconstruction 
occurred when C60 adsorption (before decomposition to form graphene) for C60 as a molecular 
precursor, or 2) reconstruction occurred when there were (partial) hydrogens retain in the adsorbed 
carbon structures for C2H4 and C60H30 as precursors. The reason can be attributed to that the energy 
gain, from the strengthened Pt-C bonding for C of C60 or for C with partial H, compensates the 
energy cost of formation surface vacancies and makes the reconstruction feasible, especially at 
elevated temperatures. In the Rec structure, two Pt-C covalent bonds are formed per unit cell, which 
have a great impact on the adsorbed Gr electronic structures. 
 
Key words: Pt/graphene interfaces, first principles calculation, reconstruction, vacancy formation 
energy, earlier stages of graphene.  
2 
 
I. INTRODUCTION 
The investigations of hybrid organic-metal interfaces are experiencing an explosive growth,
1-4
 
especially for epitaxial growth of graphene (Gr) layers on metal surfaces. Extraordinary properties 
such as ambipolar electric field effect, quantization of conductivity, and ultra-high electron mobility 
of graphene are demonstrated,
5-7
 which can be attributed to the unique electronic structure of 
graphene and its interaction with metal substrates. One of the practical needs is preparing graphene 
layers on metal surfaces with different thicknesses.
8-9
 Although there are many applications for these 
systems, mechanisms of graphene-metal bonding at their interfaces in the atomic detail are far from 
complete understanding. Different types of interactions coexist at graphene-metal interfaces, which 
include chemical bonding, van der Waals (vdW) interaction, Pauli repulsion,
10-13
 and the combination 
of them. For metal substrates whose lattice constants match with that of Gr, strong covalent 
interactions exist between Gr and metals, and the strong interaction usually destroy the Dirac cone of 
Gr.
14-15
 In the cases of Gr physically adsorbed on or ionically bonded with metal surfaces, the Dirac 
cone is preserved in the band structure and the energy position of the Dirac cone relative to Fermi 
energy can be tuned by charge transfer.
16-18
 
Surface reconstruction at the Gr/metal interfaces makes it a challenge to understand the Gr-metal 
contact mechanism.
19-21
 Three questions remain to be answered: how is every atom arranged at the 
interface, can the reconstructed structure be energetically favored, and whether the metal surface 
reconstruction is induced by Gr adsorption or by its molecular precursors? Fullerene C60, a molecular 
precursor for epitaxial growth of Gr layers, is a typical organic molecule that can reconstruct metal 
surfaces.
22-23
 Although the interactions between graphene-metal surfaces are less strong than that 
between C60-metal, epitaxial growth of graphene induced Pt(111) and Cu(100) surfaces 
reconstruction were observed.
19-20, 24
 However, the studies of the mechanisms of surface 
reconstruction at Gr/metal interfaces, the global minimum atomic structures at the reconstructed 
interfaces, and effects of reconstruction on graphene electronic properties are lacking. 
In the current work, the mechanism of epitaxial growth of graphene induced Pt(111) surface 
reconstruction was probed. With the help of particle-swarm optimization algorithm, we found a 
reconstructed adsorption structure more stable than that proposed before.
19
 Then we analyzed the 
mechanism of reconstruction through energetic considerations, structural analysis, and 
thermodynamics calculations. Finally, the effects of reconstruction on the electronic structure of the 
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adsorbed graphene were presented.  
II. THEORETICAL METHODS 
The Pt(111)-( √3 × √3 )R30°/Gr-(2x2) commensurate structures with reconstruction were 
searched by using particle swarm optimization methodology as implemented in the CALYPSO 
code.
25-26
 CALYPSO has made successful predictions for surface reconstructions.
27-28
 The automatic 
surface-structure-searching method employed structures swarm intelligence.
28
 The fixed bulk region 
contained three layers to reserve the bulk nature of the substrate; one layer of the outermost Pt atoms 
and eight carbon atoms were subjected to structure swarm evolution. Once the initial structures were 
generated, their geometries were optimized by DFT and their total energies were obtained. The 
structures then evolved towards lower-energy structures, locally and globally, through self- and 
swarm-structure learning.
28
 In this way, global minimum was achieved finally. 
DFT calculations with the van der Waals density functional (vdW-DF) 
29-30
 were employed in the 
structural optimization and electronic structure calculations. The Vienna ab initio simulation package 
(VASP)
31-32
 was used with Projector Augmented Wave (PAW) potentials.
33
 We considered the 
influence of vdW interactions by using the optB86b-vdW-DF,
34
 which offered a good performance 
when compared to experiments for both chemisorption and physisorption.
11
 A kinetic energy cutoff 
of 500 eV was used. The surface Brillouin zone was sampled with Monkhorst-Pack k-meshes of 24
×24 for the Gr-(2x2)/Pt(111)-(√3×√3)R30° surface cell.35-36 The surface slab contained seven Pt 
layers. 
We adopted ab initio atomistic thermodynamics
37-38
 to compare the relative stability between 
adsorption structures with and without surface reconstruction. The adsorption Gibbs free energies of 
graphene adsorbed on Unrec (abbreviation of unreconstructed) and Rec (reconstructed) Pt(111) 
surfaces, 𝐺Gr/Pt(Unrec)
ads  and 𝐺Gr/Pt(Rec)
ads  are given as the following, respectively: 
𝐺Gr/Pt(Unrec)
ads (𝑇, 𝑝, 𝑁Pt, 𝑁Gr) = 𝐺Gr/Pt(Unrec)(𝑇, 𝑝) − 𝐺Pt(Unrec)(𝑇, 𝑝) − 𝐺Gr(𝑇, 𝑝),    (1) 
𝐺Gr/Pt(Rec)
ads (𝑇, 𝑝, 𝑁Pt
′ , 𝑁Gr) = 𝐺Gr/Pt(Rec)(𝑇, 𝑝) − 𝐺Pt(Rec)(𝑇, 𝑝) − 𝐺Gr(𝑇, 𝑝).      (2) 
Here 𝐺Gr/Pt(Unrec), 𝐺Pt(Unrec), and 𝐺Gr are the adsorption Gibbs free energies of Unrec Gr/Pt 
system, pure Unrec Pt surface, and free standing graphene, respectively. Similarly definitions are 
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used for the Rec case. The difference of adsorption Gibbs free energies between Rec and Unrec 
structures, ∆Gads is calculated by the subtraction of these above two free energies: 
∆𝐺ads(𝑇, 𝑝) = 𝐺Gr/Pt(Rec)(𝑇, 𝑝) − 𝐺Pt(Rec)(𝑇, 𝑝) − [𝐺Gr/Pt(Unrec)(𝑇, 𝑝) − 𝐺Pt(Unrec)(𝑇, 𝑝)].   (3) 
The vacancy formation Gibbs free energy due to the missing of surface Pt atoms,  ∆𝐺vac is given as: 
∆𝐺vac(𝑇, 𝑝) = 𝐺Pt(Rec)(𝑇, 𝑝) + 𝜇Pt(𝑇, 𝑝Pt) − 𝐺Pt(Unrec)(𝑇, 𝑝).                 (4) 
The chemical potential of the missing Pt atom 𝜇Pt is given by: 
𝜇Pt(𝑇, 𝑝Pt) = 𝐸Pt
bulk + 𝜇Pt(𝑇, 𝑝
0) + 𝑘B𝑇𝑙𝑛(
𝑝Pt
𝑝0
),                     (5) 
where 𝐸Pt
bulk is the total energy of a Pt atom in bulk phase, and for this we use our DFT result; and 
𝜇Pt(𝑇, 𝑝
0) is the standard chemical potential including all entropy contributions. For simplicity, the 
𝜇Pt(𝑇, 𝑝
0) values from the JANAF thermodynamic tables are used.39-40 
By adding ∆Gads and ∆𝐺vac, the variation of the free energy between Rec and Unrec can be 
obtained: 
∆𝐺 = ∆𝐺ads(𝑇, 𝑝) + ∆𝐺vac.                           (6) 
The Gibbs free energy can be described as 
𝐺(𝑇, 𝑝) = 𝐸tot + 𝐹vib − 𝑇𝑆conf + 𝑝𝑉.                      (7)  
The total energy E
tot
 plays the major role in Gibbs free energy and can be achieved from DFT 
calculations, F
vib
 accounts for the vibrational contribution, S
conf
 is the configurational entropy. The 
differential Gibbs free energy in eq. (3) can be replaced by DFT calculated total energies, which is 
discussed in Refs..
39, 41
  
 
 
III. RESULTS AND DISCUSSIONS 
 
A. Structural search 
Since the adsorption energy increase of the Rec structure as proposed in Ref.
19
 relative to the 
Unrec one cannot offset the Pt(111) surface vacancy formation energy of 1.18eV, CALYPSO 
method was used to find the most stable reconstructed structure. The unreconstructed structure was 
also searched by CALYPSO. The most stable unreconstructed (Unrec) and reconstructed (Rec1) 
structures are shown in Figure 1(a) and (b). Figure 1(c) shows the second most stable reconstructed 
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structure (Rec2) which is same to the model proposed in Ref..
19
 For both Rec1 and Rec2 structures, 
one third of surface Pt atoms are missing. These two structures are similar to each other: from Rec2, 
the graphene layer in Rec1 is just moved along the surface [110] direction by a C-C bond length 
(compare Figure 1b and c). The adsorption energies and the nearest distances between carbon and 
platinum are shown in Table 1. The nearest distance between carbon and platinum in the Unrec 
structure is about 3.3 Å, which is in the range of a typical physisorption; while Rec1 and Rec2 are 
chemical adsorption of graphene on Pt(111) surface with the Pt-C distances of about 2.3 Å. Within a 
(√3 × √3) R30° cell two bonds are formed in Rec1, and one bond is formed in Rec2. Rec1 has the 
largest adsorption energy. With respect to Unrec structure, the adsorption energies of two 
reconstructed structures have increased: the increment of Rec1 structure is 0.20eV, while the 
increment of Rec2 structure is 0.02eV from vdW-DF results. This can attribute to the chemical bonds 
between carbon atoms and platinum atoms. More chemical bonds are formed in Rec1, and hence 
Rec1 is more stable than Rec2. 
 
 
   
 
 
 
 
 
Figure 1. (Color online) Graphene on Pt(111): top and side views of the most stable unreconstructed  
structure(Unrec), most stable reconstructed structure (Rec1), and second most stable reconstructed 
structure (Rec2); Rec2 is the model proposed in Ref.. 
19
 Green balls represent carbon atoms; red balls, 
blue balls, and blue crosses represent the first, second, and third layers of Pt atoms, respectively. 
Only the top three Pt layers are shown. The surface unit cell is shown with a rhombus in panel (a). 
 
  
(a) (b) (c) 
(d) (e) (f) 
Unrec Rec1 Rec2 
Top 
views 
Side 
views 
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Table 1. Adsorption energies per unit cell and the nearest C−Pt distances d from vdW-DF 
calculations. The vdW-DF energy is decomposed into 𝐸𝑐
𝑛𝑙 and the remainder (𝐸𝑟 for short), see 
text for details. Negative (positive) energies mean binding (unbinding). For comparison to Ref.,
19
 
their local density approximation (LDA) results are also presented. 
 
 
Eads(vdW-DF) 
(eV) 
𝐸𝑟 
(eV) 
𝐸𝑐
𝑛𝑙 
(eV) 
d(vdW-DF) 
(Å) 
Eads(LDA) 
(eV) 
d(LDA) 
(Å) 
Unrec -0.66 0.43 -1.09 3.29 -0.33(-0.3
a
) 3.47(3.30
a
) 
Rec1 -0.86 0.80 -1.66 2.29 -0.97 2.22 
Rec2 -0.68 0.90 -1.58 2.35 -0.74(-0.6
b
) 2.23(2.28
b
) 
a
Reference;
36
  
b
Reference.
19
 
 
Our calculated results with local density approximation (LDA) for adsorption energies of Unrec 
and Rec2 are -0.33 and -0.74eV, resp., which are consistent with those in Refs.
19, 36
 (See Table 1). 
The results from vdW-DF are quite different from that calculated by LDA -- the difference in 
adsorption energies between Rec2 and Unrec is much smaller in the vdW-DF results. This indicates 
that LDA is not adequate to describe the relative stability between physisorption (Unrec) and 
chemisorption (Rec2). To probe why vdW-DF and LDA results are different, we decompose the 
vdW-DF energy in to two parts: the nonlocal electron correction energy 𝐸𝑐
𝑛𝑙 as given in Dion et al
29
 
and the remainder  𝐸𝑟 , namely 𝐸𝑥𝑐
vdW−DF = 𝐸𝑥
𝐺𝐺𝐴 + 𝐸𝑐
𝐿𝐷𝐴 + 𝐸𝑐
𝑛𝑙 = 𝐸𝑟 + 𝐸𝑐
𝑛𝑙 .
34
 Here 𝐸𝑥
𝐺𝐺𝐴  is the 
exchange energy with a generalized-gradient approximation (GGA) functional, 𝐸𝑐
𝐿𝐷𝐴 is the LDA 
correlation energy. The nonlocal term 𝐸𝑐
𝑛𝑙 gives a similar energy difference to that given by LDA 
between Unrec and Rec2 structures (Table 1), while the remainder 𝐸𝑟 gives unbound results and 
gives an inversed energy difference to that given by LDA: this is the reason why vdw-DF gives 
smaller energy difference than that given in LDA. 
The vacancy formation energy of missing one Pt atom per unit cell is 1.18 eV from vdW-DF, 
while the adsorption energy increase is only 0.20eV from Unrec to Rec1 structure (Table 1, vdW-DF 
results). Obviously, the energy gain in adsorption energy cannot compensate the vacancy formation 
energy. That is, reconstruction is difficult to occur through graphene adsorption. According to the 
fact that forming more Pt-C chemical bonds enhances the adsorption energy, and considering the 
chemical properties of molecular precursors for the growth of graphene, namely the molecular 
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precursors ethylene and C60 binds stronger with Pt(111) than graphene does. We wondered if the 
reconstructed structures might be induced by the molecular precursors in the earlier stages of 
graphene formation. The C60 precursor binds stronger with Pt(111) than Gr does (will be discussions 
later), and it is well accepted that C60 can reconstruct Pt(111) and other close-packed metal 
surfaces.
22-23, 42-44
 However, for C60 reconstructed Pt(111), at most one-twelfth (~8%) surface Pt 
atoms are missing,
42
 which ratio agrees well to that observed in the scanning tunneling microscope 
(STM) images after Gr formation
19
 -- the Pt(111)- (√3 × √3) reconstructed areas are covered up to 
20% area of the sample [or (1/3) × 20% ≅  7% of the sample] and this area has never been found 
isolated from the unreconstructed parts.
19
 This means that the ~8% vacancies induced by C60 
adsorption gathered together to form √3×√3 areas after Gr formation, presumably due to only in this 
way Gr can form chemical bonds with Pt(111) in the √3×√3 areas.  
In experiment, thermal decomposition of organic molecules were used for epitaxial growth of 
graphene;
19
 and three molecular precursors were used, including ethylene, planar C60H30,
45
 and 
spherical C60. During evaporating, the substrate temperature was chosen as the minimum temperature 
for molecular decomposition (or low Gr formation temperatures), and long evaporating time up to 
one hour was employed. Under these experimental conditions, the molecular precursors can 
reconstruct the Pt(111) surface with platinum atoms dug out: experimental evidences have been 
demonstrated that Pt atoms are removed from the surface and diffuse towards the step edges, leaving 
a vacancy behind upon annealing the molecular precursors.
19, 21
 Furthermore, during growth, a strong 
graphene−metal interaction was indicated.9 It can be inferred that reconstruction could be occurred in 
the early stage of graphene formation. 
Nonplanar bended graphene, such as Maze-like
24
 and dome-shaped
46
 graphene, can form more 
and stronger chemical bonds with metal surfaces; but graphene itself cannot bend. Considering the 
hydrogen-containing molecular precursors, we wondered if partial hydrogen retain in the carbon 
structures could bend the planar graphene and enhance its bonding strength to Pt, which is confirmed 
in Ref..
47
 In view of the above types of precursors, the adsorption of hydrogenated graphene (H-Gr), 
ethylene, and benzene (a simplification of planar C60H30) were considered. In the following, we use 
H-Gr adsorption as an example to clarify our point that the carbon structures with (partial) hydrogens 
make Pt surface reconstruction easier than that in pure Gr adsorption (see Figure 2 and Table 2). 
Ethylene and benzene adsorptions show the same trend (Table 2 and Figure 3). 
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Figure 2. (Color online) H−Gr on Pt(111): top and side views of unreconstructed and reconstructed 
adsorption structures of H−Gr/Pt. Red balls, gray balls, and gray crosses represent the first, second, 
and third layer Pt atoms, respectively; and white balls represent hydrogen atoms. Carbon atoms in 
H-Gr are divided into two layers, wherein green balls represent the upper carbon atoms and blue 
balls represent the lower ones. Only the top three Pt layers are shown.  
 
 
Table 2. Adsorption energies per cell (or per molecule) and the nearest C−Pt distances from vdW-DF 
calculations for the unreconstructed and reconstructed H-Gr/Pt(111), C2H4/Pt(111), and 
benzene/Pt(111). 
 
 H-Gr  C2H4  Benzene 
 Unrec Rec  Unrec Rec  Unrec Rec 
Eads(eV) -6.03 -7.12  -0.80 -1.50  -2.29 -3.31 
d(Å) 2.09/2.22 2.10/2.17  2.17 2.13  2.16/2.20 2.14 
 
 
In the adsorption structures of Gr/Pt(111), the nearest Pt-C distance changes from 3.3 Å in 
physisorbed Unrec structure to 2.3 Å in chemisorbed Rec structure. The nearest Pt-C distance is 
smaller in H-Gr/Pt(111) than that in Gr/Pt(111). Since in H-Gr/Pt Unrec and Rec structures, 
hydrogen promoted the corrugation of graphene. This corrugation changes the carbon bonds from 
inplane sp
2
 to out-of-plane sp
3
-like and strengthens the C-Pt chemical bonds, which increases the 
adsorption energy and facilitates the occurrence of platinum surface reconstruction. The Unrec 
H-Gr/Pt(111) structure has four Pt-C bonds per (√3×√3)R30° cell, one with a bond length of 2.09 Å 
and three with 2.22 Å; while the Rec H-Gr/Pt(111) structure has four Pt-C bonds per (√3×√3)R30° 
H−Gr, Unrec H−Gr, Rec 
    
 
  
(d) (c) 
(a) (b) 
Top 
views 
Side 
views 
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cell, one with 2.10 Å and three with 2.17 Å. Stronger chemical bonding are formed in general 
between H-Gr and Pt surface in the Rec structure. The adsorption energies of Unrec and Rec 
H-Gr/Pt(111) are shown in Table 2. The difference in adsorption energy between Unrec and Rec 
H-Gr/Pt(111) is 1.09eV; compared to the 0.2eV difference for that in Gr/Pt(111), the difference in 
adsorption energy of 1.09eV brought by H-Gr is much larger and closer to the vacancy formation 
energy of 1.18eV. Hence reconstruction is more likely to occur in H-Gr/Pt(111) system than in 
Gr/Pt(111), or more general, reconstruction is more likely to occur for carbon structures with H. 
Similarly, we considered the effects of ethylene and benzene adsorption on Pt(111) surface 
reconstruction. In all cases, partial sp
3
 hybridization also appeared for the adsorbed molecules with H. 
In Unrec and Rec structures of C2H4/Pt(111), the Pt-C bond lengths are 2.17Å and 2.13 Å, 
respectively (Table 2). The difference of adsorption energy corresponding to C2H4/Pt(111) is 0.69eV. 
In benzene/Pt(111) Unrec structure, two types of bonds are formed with four bonds length of 2.21Å 
and two 2.16 Å, while in Rec structure the bond length is 2.14 Å between benzene six carbons and 
the six Pt surface atoms surrounding the vacancy. The difference of adsorption energy for 
benzene/Pt(111) is 1.02eV. So, both C2H4/Pt(111) and benzene/Pt(111) have the same trend in 
adsorption energy increase as that in H-Gr/Pt(111), and all the three cases for carbon structures with 
H make the Pt surface reconstruction easier than that in Gr/Pt(111). 
For C60 molecules as precursors, the surface reconstruction can occur when C60 adsorption 
(namely before decomposition of C60). Compared to Pt-graphene interaction, the interaction of Pt-C60 
is stronger: the adsorption height and Pt-C60 bond length are 1.7 Å and 2.1 Å, respectively;
42
 while in 
Gr/Pt(111) the height and bond length are both 2.3 Å. The origin for this difference in bonding 
strength is due to the partial sp
3
 hybridization formed between C60 and Pt surface. The similar partial 
sp
3
-like bonding exists in the interaction between Pt surface and H-graphene, ethylene, or benzene. 
In all cases for molecular precursors of C60 or of carbon structures with H, the enhanced Pt-C 
chemical bonds effectively promote the occurrence of Pt surface reconstruction. 
 
B. Atomistic thermodynamics 
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Figure 3. Phase diagram of ∆𝐺 vs  𝜇Pt(𝑇, 𝑝
0). ∆𝐺  is the variation of the Gibbs free energy 
between Rec and Unrec, and 𝜇Pt(𝑇, 𝑝
0) is the Pt chemical potential as a function of temperature. 
Black, blue, pink red, and green lines represent ∆𝐺 of Gr/Pt(111), C2H4/Pt(111), benzene/Pt(111), 
H-Gr/Pt(111), and C60/Pt(111), respectively. The energy of bulk Pt is set as zero of Pt chemical 
potential.  
 
The formulas for calculating ∆𝐺 are detailed in the Method Section. Reconstruction can be lower 
in free energy when ∆𝐺 < 0. Except for C60, for all systems considered in Figure 3, ∆𝐺 are all 
larger than zero for the Pt chemical potential at zero, namely for the DFT total energy of bulk Pt as a 
reference. However, H-Gr, ethylene, and benzene adsorption make it easier to reconstruct the Pt(111) 
surface relative to that of Gr adsorption. And C60 adsorption makes the Pt surface reconstruction 
most easily. 
In H-Gr/Pt model, the ∆𝐺vac and ∆𝐺ads are 1.18 eV and 1.09 eV respectively, the 0.09 eV 
energy difference can be overcame at below room temperature (Figure 3). We labeled the 
temperature at ∆𝐺 = 0 for each model system in Figure 3. The temperature of reconstruction in 
Gr/Pt(111), C2H4/Pt(111), benzene/Pt(111), and H-Gr/Pt(111) systems is about 1500, 900, 400, and 
less than 298 K, respectively.  
The experimental annealing temperature for the (√3×√3)R30° reconstruction is 900–1000 K, and 
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slow evaporation(up to 1 hour) in ultrahigh vacuum conditions. In such an annealing temperature and 
long annealing time, Pt surface reconstruction would induce by ethylene C2H4, C60H30 adsorption (or 
possibly other carbon structures with partial hydrogen like C2H2 and H-Gr). The reconstruction 
would take place when C60 adsorb with lower annealing temperatures. In summary, the reconstructed 
(√3×√3)R30°-Pt(111)/2×2-Gr structure can attribute to the adsorption induced by carbon structure 
with hydrogen, or by fullerenes like C60. By adsorbing graphene through molecular precursors of 
hydrogen-containing carbon structures or C60, reconstruction of Pt(111) surface can occur. At the 
same time, reconstruction produced a strong bonding between graphene and platinum, which 
changed the electronic structure of graphene. 
 
C. Electronic structure 
 
   
Figure 4. Differential charge density plots of Unrec (a) and Rec1 structures (b). Yellow and blue 
represent for electron accumulation and depletion, respectively (with isosurface value of 0.001 
e/Bohr
3
). 
 
The differential charge density plots of Unrec and Rec1 structures are shown in Figure 4. 
According to the differential charge distribution, electrons accumulate at Pt surface and deplete 
around graphene. In Unrec structure, accumulation and depletion of electrons are less significant, 
which indicates physical adsorption plays the dominant role. In Rec1 structure, electrons accumulate 
at the middle between graphene and Pt(111), which indicates the formation of covalent bonds 
between graphene and Pt surface. 
The Bader charge
48
 of these two systems were calculated, the results are coincided with the 
(a) (b) 
12 
 
differential charge analysis. Electrons transfer from graphene to Pt in both two systems are small, the 
amounts of charge transferred in Unrec and Rec1 structures are 0.06 electrons and 0.02, respectively; 
corresponding a physisorption character and a covalent bonding character, respectively. 
 
   
 
Figure 5. (a) Partial density states of C in Rec1 of Gr/Pt(111), free standing graphene, and Unrec of 
Gr/Pt(111). Band structures of Gr/Pt(111) in Rec1 and Unrec structures. The Fermi energy is set to 
zero. The amount of carbon contribution is indicated by the size of the red dots in the band structure 
plots.  
 
To better understand the influence of unreconstructed and reconstructed Pt surface on graphene 
electronic structure, we present the partial density of states (PDOS) plots of C in Rec1 of Gr/Pt(111), 
free standing graphene, and Unrec of Gr/Pt(111) in Figure 5(a). The vertical dashed line represents 
the Fermi level. Compare to the free standing graphene, the electronic structure of graphene adsorbed 
on reconstructed and unreconstructed Pt surface have changed a lot. The electron density of states of 
adsorbed graphene is broadened. As shown that, the Dirac cone of free standing graphene located at 
the Fermi level. For graphene on unreconstructed Pt surface, the Dirac cone of graphene remained 
and located at about 0.5eV above the Fermi level, while the Dirac cone of graphene adsorbed on 
reconstructed Pt surface are destroyed. 
From band structures plots (Figure 5b and c), when graphene is adsorbed on unreconstructed Pt 
surface, the Dirac cone at K-point can still be clearly identified, and the Dirac cone locates at about 
0.5e V above Fermi level due to charge transfer, which is consistent with the PDOS and Bader 
charge results. This illustrates that the interaction between graphene and unreconstructed Pt surface 
is weak and belongs to physical adsorption. Since the Dirac cone locates at the Fermi level for 
neutral freestanding graphene, the upwards shifted Dirac cone in Unrec structure should attribute to 
(a) (b) (c) 
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electron transfer from graphene to Pt surface.
36
 For graphene adsorption on the reconstructed Pt 
surface, dramatic change is occurred on the projected-bands of graphene. The destruction of Dirac 
cone indicates that there is strong chemical bonding between reconstructed Pt surface and graphene, 
which agrees with the PDOS and differential charge plots. This character is similar to Gr on Ni(111) 
and Co(0001) surfaces, whose lattices match the Gr lattice well.
36
 Reconstruction makes the Pt-C 
bonding strong and makes the Pt(111) surface act as the lattice matched metals of Ni(111) and 
Co(0001). 
 
IV. CONCLUSIONS 
 
 To summarize, firstly, a more stable reconstructed surface structure at the Gr/Pt(111) interface 
was found in our current work. Based on the considerations of vacancy formation energy, the 
reconstruction is hard to happen for Gr adsorption. As the solution, we considered C60 and 
hydrogen-containing precursors. For hydrogen-containing carbon structures, we considered C2H4, 
benzene, and H-Gr. We showed that C2H4, benzene, and H-Gr facilitated the reconstruction of Pt(111) 
surface as well as C60, and so reconstruction may happen at the early stages of graphene formation. 
Further, through atomistic thermodynamics analyses, we described that platinum surface 
reconstruction could be realized at different annealing temperatures for different molecular 
precursors. The mechanism of molecular precursor adsorption induced surface reconstruction at the 
Gr/Pt(111) interface could be applied to epitaxial growth of the graphene on other metal surfaces, e.g. 
on Cu(100). The electronic structure of graphene changed a lot when adsorbed on the reconstructed 
Pt(111) surface. Electrons were accumulated in between Pt surface and graphene in the Rec structure 
due to the formation of covalent bonds between Pt-C. In the Unrec structure The Dirac point of Gr is 
retained and shifted upwards due to electron transference; while it was destroyed in the Rec structure. 
Physical and chemical Gr-Pt interactions are in the Unrec and Rec structures, respectively. 
 
ACKNOWLEDGMENTS 
This work is supported by National Natural Science Foundation of China (Grants 11474145 and 
11334003). We thank the National Supercomputing Center in Shenzhen for providing computation 
time. 
14 
 
 
1. Jolie, W.; Craes, F.; Busse, C., Graphene on Weakly Interacting Metals: Dirac States Versus 
Surface States. Phys. Rev. B 2015, 91, 115419. 
2. Fediai, A.; Ryndyk, D. A.; Cuniberti, G., Electron Transport in Extended 
Carbon-Nanotube/Metal Contacts: Ab Initio Based Green Function Method. Phys. Rev. B 2015, 91, 
165404. 
3. Luo, S. R.; Yau, S. L.; Kumaresan, P.; Vegiraju, S.; Chen, M.-C., Scanning Tunneling 
Microscopy Examination of Rubrene Deposited on Au(111) in Aqueous Solution. J. Phys. Chem. C 
2015, 119, 1376-1381. 
4. Sattler, J. J. H. B.; Ruiz-Martinez, J.; Santillan-Jimenez, E.; Weckhuysen, B. M., Catalytic 
Dehydrogenation of Light Alkanes on Metals and Metal Oxides. Chem. Rev. 2014, 114, 
10613-10653. 
5. Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Katsnelson, M. I.; Grigorieva, I. V.; 
Dubonos, S. V.; Firsov, A. A., Two-Dimensional Gas of Massless Dirac Fermions in Graphene. 
Nature 2005, 438, 197-200. 
6. Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, S. V.; Grigorieva, 
I. V.; Firsov, A. A., Electric Field Effect in Atomically Thin Carbon Films. Science 2004, 306, 
666-669. 
7. Zhang, Y.; Tan, Y.-W.; Stormer, H. L.; Kim, P., Experimental Observation of the Quantum Hall 
Effect and Berry's Phase in Graphene. Nature 2005, 438, 201-204. 
8. Li, X., et al., Large-Area Synthesis of High-Quality and Uniform Graphene Films on Copper 
Foils. Science 2009, 324, 1312-1314. 
9. Feng, X.; Wu, J.; Bell, A. T.; Salmeron, M., An Atomic-Scale View of the Nucleation and 
Growth of Graphene Islands on Pt Surfaces. J. Phys. Chem. C 2015, 119, 7124-7129. 
10. Shi, X.; Zhang, R. Q.; Minot, C.; Hermann, K.; Van Hove, M. A.; Wang, W.; Lin, N., Complex 
Molecules on a Flat Metal Surface: Large Distortions Induced by Chemisorption Can Make 
Physisorption Energetically More Favorable. J. Phys. Chem.Lett. 2010, 1, 2974-2979. 
11. Li, X.; Feng, J.; Wang, E.; Meng, S.; Klimeš, J.; Michaelides, A., Influence of Water on the 
Electronic Structure of Metal-Supported Graphene: Insights from Van Der Waals Density Functional 
Theory. Phys. Rev. B 2012, 85, 085425. 
12. Zhang, Y. N.; Hanke, F.; Bortolani, V.; Persson, M.; Wu, R. Q., Why Sliding Friction of Ne and 
Kr Monolayers Is So Different on the Pb(111) Surface. Phys. Rev. Lett. 2011, 106, 236103. 
13. Gross, L.; Mohn, F.; Moll, N.; Liljeroth, P.; Meyer, G., The Chemical Structure of a Molecule 
Resolved by Atomic Force Microscopy. Science 2009, 325, 1110-1114. 
14. Karpan, V. M.; Khomyakov, P. A.; Starikov, A. A.; Giovannetti, G.; Zwierzycki, M.; Talanana, 
M.; Brocks, G.; van den Brink, J.; Kelly, P. J., Theoretical Prediction of Perfect Spin Filtering at 
Interfaces between Close-Packed Surfaces of Ni or Co and Graphite or Graphene. Phys. Rev. B 2008, 
78, 195419. 
15. Karpan, V. M.; Khomyakov, P. A.; Giovannetti, G.; Starikov, A. A.; Kelly, P. J., Ni(111) 
|Graphene| H-Bn Junctions as Ideal Spin Injectors. Phys. Rev. B 2011, 84, 153406. 
16. Sicot, M.; Bouvron, S.; Zander, O.; Rüdiger, U.; Dedkov, Y. S.; Fonin, M., Nucleation and 
Growth of Nickel Nanoclusters on Graphene Moiré on Rh(111). Appl. Phys. Lett. 2010, 96, 093115. 
17. Miniussi, E., et al., Thermal Stability of Corrugated Epitaxial Graphene Grown on Re(0001). 
Phys. Rev. Lett. 2011, 106, 216101. 
15 
 
18. Kroeger, D. A.; Cisternas, E.; Correa, J. D., Bilayer Graphene Films over Ru(0001) Surface: 
Ab-Initio Calculations and Stm Images Simulation. Surf. Sci. 2015, 634, 31-36. 
19. Otero, G., et al., Ordered Vacancy Network Induced by the Growth of Epitaxial Graphene on 
Pt(111). Phys. Rev. Lett. 2010, 105, 216102. 
20. Land, T. A.; Michely, T.; Behm, R. J.; Hemminger, J. C.; Comsa, G., Stm Investigation of Single 
Layer Graphite Structures Produced on Pt(111) by Hydrocarbon Decomposition. Surf. Sci. 1992, 264, 
261-270. 
21. Fujita, T.; Kobayashi, W.; Oshima, C., Novel Structures of Carbon Layers on a Pt(111) Surface. 
Surface and Interface Analysis 2005, 37, 120-123. 
22. Pinardi, A. L., et al., Vacancy Formation on C60/Pt (111): Unraveling the Complex Atomistic 
Mechanism. Nanotechnology 2014, 25, 385602. 
23. Shi, X.-Q.; Van Hove, M.; Zhang, R.-Q., Survey of Structural and Electronic Properties of C60 
on Close-Packed Metal Surfaces. J. Mater. Sci. 2012, 47, 7341-7355. 
24. Xie, N., et al., Visualization of a Maze-Like Reconstruction of Graphene on a Copper Surface at 
the Atomic Scale. Chin. Phys. Lett. 2013, 30, 056802. 
25. Wang, Y.; Lv, J.; Zhu, L.; Ma, Y., Crystal Structure Prediction Via Particle-Swarm Optimization. 
Phys. Rev. B 2010, 82, 094116. 
26. Lv, J.; Wang, Y.; Zhu, L.; Ma, Y., Particle-Swarm Structure Prediction on Clusters. J. Chem. 
Phys. 2012, 137, 084104. 
27. Lu, S.; Wang, Y.; Liu, H.; Miao, M.-s.; Ma, Y., Self-Assembled Ultrathin Nanotubes on Diamond 
(100) Surface. Nat Commun 2014, 5. 
28. Yanchao, W.; Jian, L.; Li, Z.; Shaohua, L.; Ketao, Y.; Quan, L.; Hui, W.; Lijun, Z.; Yanming, M., 
Materials Discovery Via Calypso Methodology. J. Phys.: Condens. Matter 2015, 27, 203203. 
29. Dion, M.; Rydberg, H.; Schröder, E.; Langreth, D. C.; Lundqvist, B. I., Van Der Waals Density 
Functional for General Geometries. Phys. Rev. Lett. 2004, 92, 246401. 
30. Román-Pérez, G.; Soler, J. M., Efficient Implementation of a Van Der Waals Density Functional: 
Application to Double-Wall Carbon Nanotubes. Phys. Rev. Lett. 2009, 103, 096102. 
31. Kresse, G.; Hafner, J., Ab Initio Molecular Dynamics for Liquid Metals. Phys. Rev. B 1993, 47, 
558-561. 
32. Kresse, G.; Furthmüller, J., Efficient Iterative Schemes for Ab Initio Total-Energy Calculations 
Using a Plane-Wave Basis Set. Phys. Rev. B 1996, 54, 11169-11186. 
33. Kresse, G.; Joubert, D., From Ultrasoft Pseudopotentials to the Projector Augmented-Wave 
Method. Phys. Rev. B 1999, 59, 1758-1775. 
34. Klimeš, J.; Bowler, D. R.; Michaelides, A., Van Der Waals Density Functionals Applied to Solids. 
Phys. Rev. B 2011, 83, 195131. 
35. Monkhorst, H. J.; Pack, J. D., Special Points for Brillouin-Zone Integrations. Phys. Rev. B 1976, 
13, 5188-5192. 
36. Giovannetti, G.; Khomyakov, P. A.; Brocks, G.; Karpan, V. M.; van den Brink, J.; Kelly, P. J., 
Doping Graphene with Metal Contacts. Phys. Rev. Lett. 2008, 101, 026803. 
37. Kaghazchi, P.; Jacob, T.; Ermanoski, I.; Chen, W.; Madey, T. E., First-Principles Studies on 
Oxygen-Induced Faceting of Ir(210). ACS Nano 2008, 2, 1280-1288. 
38. Reuter, K.; Scheffler, M., Composition, Structure, and Stability of Ruo2 (110) as a Function of 
Oxygen Pressure. Phys. Rev. B 2001, 65, 035406. 
39. Wei, W.; Dai, Y.; Huang, B.; Whangbo, M.-H.; Jacob, T., Loss of Linear Band Dispersion and 
16 
 
Trigonal Structure in Silicene on Ir(111). J. Phys. Chem.Lett. 2015, 6, 1065-1070. 
40. Stull, D. R.; Prophet, H., Janaf Thermochemical Tables, 2nd ed.; U.S. National Bureau of 
Standards: Washington DC, 1971. 
41. Kaghazchi, P.; Jacob, T., Oxygen-Induced Reconstruction of Re(1010) Studied by Density 
Functional Theory. Phys. Rev. B 2010, 81, 075431. 
42. Shi, X. Q.; Pang, A. B.; Man, K. L.; Zhang, R. Q.; Minot, C.; Altman, M. S.; Van Hove, M. A., 
C60 on the Pt(111) Surface: Structural Tuning of Electronic Properties. Phys. Rev. B 2011, 84, 
235406. 
43. Shi, X.-Q.; Van Hove, M. A.; Zhang, R.-Q., Adsorbate-Induced Reconstruction by C60 on 
Close-Packed Metal Surfaces: Mechanism for Different Types of Reconstruction. Phys. Rev. B 2012, 
85, 075421. 
44. Liu, C.; Qin, Z.; Chen, J.; Guo, Q.; Yu, Y.; Cao, G., Molecular Orientations and Interfacial 
Structure of C60 on Pt(111). J. Chem. Phys. 2011, 134, 044707. 
45. Otero, G., et al., Fullerenes from Aromatic Precursors by Surface-Catalysed 
Cyclodehydrogenation. Nature 2008, 454, 865-868. 
46. Lacovig, P.; Pozzo, M.; Alfè, D.; Vilmercati, P.; Baraldi, A.; Lizzit, S., Growth of Dome-Shaped 
Carbon Nanoislands on Ir(111): The Intermediate between Carbidic Clusters and 
Quasi-Free-Standing Graphene. Phys. Rev. Lett. 2009, 103, 166101. 
47. Rajasekaran, S.; Kaya, S.; Abild-Pedersen, F.; Anniyev, T.; Yang, F.; Stacchiola, D.; Ogasawara, 
H.; Nilsson, A., Reversible Graphene-Metal Contact through Hydrogenation. Phys. Rev. B 2012, 86, 
075417. 
48. Tang, W.; Sanville, E.; Henkelman, G., A Grid-Based Bader Analysis Algorithm without Lattice 
Bias. J. Phys.: Condens. Matter 2009, 21, 084204. 
 
 
